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Abstract

High-resolution seismic stratigraphic analysis to reconstruct the depositional history of the inner shelf Holocene successions was
performed on the northeastern Brazilian, adjacent to Natal City. Boomer seismic data was collected between the coastline up to ~
15-m water depth. Three seismic units and three seismic surfaces were observed with regional significance and low lateral
variability. They represent the transgressive to highstand deposits lying on the Pleistocene/Holocene boundary surface S1—older,
regional, and the irregular unconformity at ~35 m, forming a semi-enclosed environment near the coast. The basal unit (Ul) is
related to a moderate/high-energy environment and grade upward to units (U2 and U3) of lower energy conditions and thin
thickness that decrease seaward with large through near coast on the west. Above this surface, chaotic and parallel internal
configurations represent unit U1 that limited at the top by S2. The ravinement surface S2 at ~ 18 m reveals wave-tide influence in
a very shallow inner shelf, which controlled the accommodation space and sediment transport. Unit U2 fills the scours with
onlapping terminations over S2. The shallowest surface (S3) occurs at ~ 12 m below modern sea level probably associated with
the maximum flooding surface underlying the U3 with dominant aggradation character in parallel/wavy configuration. U1
represents a shallow marine environment with a greater sediment supply controlled mainly by the water depth during the initial
transgressive shelf inundation. The lower sediment accumulation of U2 and U3 indicates a decreasing of sediment supply, higher
sediment transport or higher rates of erosion in shallow marine environments.

Introduction sedimentation processes on coastal and shelf systems

(D’Agostini et al. 2015; Cooper et al. 2018; Kalani et al.

Sedimentation in shallow shelf environments is generally re-
lated with the interaction between sediment supply, hydrody-
namic regime (waves, tides, and currents), relative sea-level
changes, coastal morphology, and rock resistance (Nittrouer
et al. 2007; Campos and Dominguez 2010; Muehe 2010).
Quaternary sea-level oscillations associated with climate
change (Peltier 1998; Bezerra et al. 2003; Caldas et al. 2006;
Bird et al. 2010; Lambeck et al. 2014) triggered erosion and
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2008; Menier et al. 2010). Sea level strongly affects the sed-
imentation of estuaries, bays, lagoon systems (Green et al.
2015; Benallack et al. 2016; Aleman et al. 2014; Aliotta
et al. 2013), incised valleys (Menier et al. 2010; Lericolais
et al. 2001; Tesson et al. 2015), and continental shelves
(Edwards et al. 2003; Artusi and Figueiredo Jr 2007,
D’Agostini et al. 2015). On tropical shelves, sedimentation
exhibits spatially and temporally relationship with transgres-
sive and regressive periods (Artusi and Figueiredo Jr 2007,
D’Agostini et al. 2015). Particularly, in mixed systems,
siliciclastic sediment deposition dominates during lowstand,
while carbonatic production on shelves develops mainly dur-
ing the transgressive and highstand periods. The sea-level
fluctuations rule the accommodation space for sediment accu-
mulation (e.g., Edwards et al. 2003), restrict the spatial distri-
bution of coastal environments translating depocenters, and
change the conditions involved in the carbonatic and
siliciclastic sedimentation (e.g., D’Agostini et al. 2015).
Besides, shallow strata have records of coastal and marine
sedimentary processes of last sea-level cycle (Chaumillon
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et al. 2008; Hinestrosa et al. 2014), which allow the regional
reconstructions of Pleistocene and Holocene depositional sys-
tems and track sea-level changes.

High-resolution investigations on shallow strata of ma-
rine and transitional environments have revealed patterns
and changes of depositional systems, including controls
and conditions on fluvial incisions, wave and tide erosional
processes, which are evident on infilling successions and
key stratigraphic surfaces and structures (Gomes et al.
2016; D’Agostini et al. 2015; Edwards et al. 2003). The
sequence boundary surface of the Pleistocene/Holocene
has been worldwide associated with erosional surfaces
formed during the Last Glacial Maximum (LGM), and
higher-order surfaces with the interglacial Young Dryas pe-
riod and the rise rate variations between meltwater pulses
(Severinghaus et al. 1998; Bard et al. 2010; Abdul et al.
2016). Unconformities and the sequence boundary pro-
duced in the LGM were observed in Tahiti barrier reef at
approximately 60 m below present sea level (Bard et al.
2010), similar to observed in reefs of Barbados (Peltier
and Fairbanks 2006) and corals of the Huon Peninsula
(Edwards et al. 1993; Cutler et al. 2003). After that, a max-
imum flooding surface observed over rapid transgression at
98009200 years BP correspondent a new MWP-1C with
the sea-level rise from 36 to 16 m, diverted the Yellow River,
modifying deposition. This diverted flow and rapid sea-level
resulted in little or no sediment input (Liu et al. 2004).

In the northeastern Brazilian coast, the flooding initiated on
Early Holocene and developed the backstepped carbonate reef
system at outer shelves of Abrolhos shelf (D’Agostini et al.
2015) extending northward through the northern shelf of Rio
Grande do Norte State (RN) (Nascimento Silva et al. 2018).
Coastal retreat and estuarine development punctuated stages
of sea-level rise at depths approximately 30 m before 9500
years BP and reached 22-28 m at §200-9200 years BP and 6—
11 m at 7800-8000 years BP on of mangrove sediments of the
Potengi-Jundiai Estuary (Kumar et al. 2018). Rapid inunda-
tion reached the modern sea level at 7000 years BP and its
maximum at ~ 5000 years BP (highstand) at ~2—4 m above
modern sea level followed by a gentle regressive trend up to
the present-day sea level (Barbosa et al. 2018; Bezerra et al.
2003). The modern coast of Rio Grande do Norte (RN)
(Fig. 1) has been strongly affected by erosion (Dominguez
and Bittencourt 1996; Amaro et al. 2014; Vital et al. 2016).
Although the influence of present-day sea-level rise is still in
debate to this region, factors such as semiarid climate, low
seaward contribution of eolian sediments, the lack of impor-
tant rivers, high energy longshore transport, and widespread
anthropic interference over the coastline might generate neg-
ative sediment balance and a starved shelf condition, which
are responsible for the a scenario of regional coastal erosion
on northeastern of Brazil (Pinheiro et al. 2016; Vital et al.
2010; Dominguez et al. 2016).
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Fig. 1 Study area showing the location of seismic profiling lines. The P1,
P2 and P3 seismic profiles represent the interpretation lines in Figs. 2, 3,
and 4, respectively

It was investigated the shallow seismic architecture of
Natal shelf, eastern of RN coast (Fig. 1), to reconstruct the
depositional history since last postglacial transgression until
present-day. Based on high-resolution seismic data, we track
the effects of sea-level rise on sedimentary structures, which
record factors that control the sedimentary balance during
transgression, the magnitude of erosion and sedimentation,
and the contrast of past and modern sedimentation.

Physical setting

The study area is located on the inner shelf of Natal, in the
eastern of Rio Grande do Norte State (RN) (Fig. 1). This shelf
is characterized by reduced depth, with shelf break at approx-
imately 70-m water depth, and the maximum width of 40 km,
and is dominated by mixed carbonate-siliciclastic sedimenta-
tion (Vital et al. 2008; Gomes et al. 2014). Interfingering of
siliciclastic and carbonate sediments occurs since the Lower/
Mid Miocene (Cérdoba et al. 2007), and the modern shelf
displays a well-defined trend of sediment mixing increasing
carbonate offshore (Vital et al. 2010; Gomes et al. 2015). The
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coast region has outcrop sandstones of the Barreiras
Formation, which forms continuous large cliffs along the
coast, covered by Quaternary sediments such as dune fields
along the coast, mangrove, alluvial and beach deposits
(Mabesoone and Alheiros 1988). Cenozoic fault reactivations
with a general NE trend shaped alternation of horsts and gra-
bens on the cliffs and tectonic estuaries, conferring zeta curved
bay geometry on the coast (Bezerra et al. 2001). The rivers are
small and no significant contribution with the sedimentary
input, generating a starved shelf condition (Vital et al. 2008).
The main features of RN shelf are drowned beachrocks, found
in depths of about 20 m, incised valleys, filled by Holocene
sediments reaching a maximum thickness of 30 m, large sand
ribbons, isolated sand bodies, and biogenic reefs attached to
the coast and in the outer shelf (Vital et al. 2008, 2010; Gomes
et al. 2014; Pereira et al. 2013; Nascimento Silva et al. 2018).
In the study area, siliciclastic facies occur near the coast at
depths of shallower than 8 m, with an increase of carbonate
content to depths greater than 10 m (Oliveira 2017).

The region is dominated by mixed wave-tide conditions
(Vital 2006), and the low gradient of the continental shelf
contributes to the alongshore sediment transport (Amaro
et al. 2014). Ribeiro et al. (2018) show currents in the region
predominantly N direction, with higher intensities in the sum-
mer with 12.8 m/s, followed by spring with 9.3 m/s and au-
tumn with 8 m/s. They can be modulated by the winds acting
along the coast, and both tides and winds. The tides have a
semidiurnal mesotidal regime with a tidal range between 0.85
and 2.30 m (Hayes 1979; Frazdo 2003). The nearshore wave
patterns were determined by the variations of the trade winds.
Their height increases toward the north reaching 2.5 m in
storm conditions ENE while in south region maximum values
reached 1.5 m in storm conditions and 1 m in median condi-
tions (Almeida et al. 2015). The pattern of the trade winds in
the region presents strong SE trend (Barros et al. 2013;
Ribeiro et al. 2018), varying seasonally between SSE and
ESE, with velocities of 3.8 to 5 m/s and coastal drift that
transports sediments in the S-N direction (Vital 2006).

Materials and methods

High-resolution seismic data were acquired in August 2015,
covering an area of 30 km? with 62 km of lines distributed in
17 longitudinal profiles (N-S) and 14 perpendiculars (E-W) to
the coastline, with space between profiles of 0.5 km (Fig. 1).
These profiles were collected onboard a medium-sized vessel
with a Meridata Boomer System operating with 50 J of ener-
gy, frequencies ranging from 1 to 2 kHz associated with a
single-channel streamer with 8 hydrophones. The data were
acquired with Meridata MDCS software and converted to
SEG-Y. Navigation was acquired using a Hemisphere V100
model DGPS system. The seismic data were processed in

ReflexWin, Oasis Montaj, and SeiSee auxiliary software. The
processing flow consisted of predictive deconvolution, static
correction, bandpass frequency, AGC gain, and average filters
(e.g., Gomes et al. 2014, 2016). After processing, the vertical
resolution of the data was 0.5 cm. Two-way travel time was
converted into depth in meters (m) assuming the speed of
sound 1500 m/s (e.g., Quinn et al. 1998; Lericolais et al.
1990; Gomes et al. 2016). The seismic stratigraphic interpre-
tations were based on reflector continuity, amplitude, lateral
extension, morphology, configuration (parallel, wavy, chaotic),
and terminations (onlap, downlap, offlap, and truncations)
(Van Wagoner et al. 1988; Mitchum et al. 1977). The main
reflectors were mapped and used to generate geomorphic sur-
faces, using software Petrel in time (ms). The mapping of seis-
mic facies and reflector geometry allowed the interpretation of
the paleoenvironment associated with the seismic units.

Results

Three most prominent surfaces (S1-S3) and seismic units
(U1-U3) with distinctive acoustic characters were identified
in the inner shelf of Natal (Figs. 2, 3, and 4). Seismic units
were described in terms of seismic facies and their environ-
mental context (Table 1). All units and surfaces were identi-
fied in the whole area except surface S1 and Ul.

Surface S1 is a regional, irregular, and discontinuous sur-
face with high amplitude on the central and north study area.
Its irregular morphology on a large scale promotes rugged
relief with steep slopes (Figs. 2, 3, and 4). S1 is the base of
Ul and an erosional truncation on Ul is generally observed
about 10 ms (~ 13 m). This surface reaches depths in central
region landward with ~44 ms (~34 m) and 52 ms (~43 m)
locally (Fig. 5d). The S1 becomes shallower toward the
northeast.

Unit Ul is the lowest unit described, laying on S1 and
limited above by S2. This unit occurs at 20-30 ms (16-25
m) with a greater thickness (25 m) in the central area and
shallower northward. This unit is not clear in the south region
due to acoustic turbidity. U1 has a lateral variation of facies
with chaotic and parallel patterns. The chaotic configuration
reflects a disordered internal organization of the deposition
that suggests a variable energy source and intensity of depo-
sitional environment or deformations (illustration II in
Table 1). The parallel reflectors are discontinuous with low
frequencies and alternating moderate to low amplitudes reflec-
tions. Onlap terminations are present on S1 while the top of
this unit is concordant with S2.

Surface S2 is a regional, irregular, and moderate continuity
surface. It limits units U1 and U2 and reached ~ 32 ms (22 m)
near the coast, where the deepest occurrence is, and ~26 ms
(18 m) in other regions (Fig. 5¢). The S2 occurs at shallower
depths southward. Several channel-like morphology shapes
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Fig. 2 Boomer seismic profile (P1 in Fig. 1) parallel and more distal to
the coast (a) and interpretation (b). (I) channel-like morphology

this horizon in variable sizes with widths ~100-200 m and
depths of ~4-10 m NS (Figs. 2-I-11, 3-1I) and ~240-323 m
and depths of ~7-10 m EW (Fig. 4-1-1I) indicating a possible
wave-tide ravinement surface. In general, all channels have

N

dimensions of S2; (II) channel-like morphology with erosional truncation
and dimensions of S2

different shapes since symmetric (Fig. 2-I; Fig. 4-1-11), asym-
metric (Fig. 3-1) to steep (Fig. 3-I). These features are more
prominent in the central region (Fig. 5c). The moderate con-
tinuity and the irregular geometry of S2 suggest that different
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Fig. 3 Boomer seismic profile (P2 in Fig. 1) parallel the coast (a) and interpretation (b). (I) prominent relief with a steep slope of surface S1; (II) irregular
channel-like morphology of S2
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Fig. 4 Boomer seismic profile (P3 in Fig. 1) perpendicular to the coast (a) and interpretation (b). (I) and (II) symmetric relief of S2 and dimensions

erosional and sedimentation processes acted regionally along
the whole area.

Unit U2 is an intermediate unit limited by S2 and S3. This
unit occurs in the whole study area at depths of 10 ms (8.3 m)
with thickness up to 7 ms (6 m) southward. U2 has moderate
frequency and alternating moderate to low amplitude reflec-
tions that indicate low contrast of sediments. Locally reflec-
tions are continuous, with moderate amplitudes and low fre-
quencies. Onlap terminations are evident on S2 and erosional
truncate on top in S3 (Fig. 2-1I). This unit fills the channel-like
feature and might represent transgressive deposits filling the
ravinement surface.

Surface S3 is regular with high continuity and amplitude
surface occurring in the entire study area at depths of about ~
20 ms (14 m) (Fig. 5b). S3 is nearly parallel beneath the
seafloor reflection and coincides locally with S2 (Figs. 2 and
3). This is a parallel/wavy surface that limits U2 and U3 in
conformity reflections.

Unit U3 is the younger unit, laying on S3, and is bounded
on top by seafloor reflector. Parallel to wavy reflections with

Table 1 Characteristics of acoustic facies and seismic units, and the
interpretation in terms of depositional environment. Illustrations: (I)
parallel/wavy reflectors; (II) onlapping reflections on S2; (III) channel

high continuity and amplitude and low frequency is observed
in the whole study area. Parallel configuration indicates uni-
form sedimentation while high amplitudes indicate vertical
sediment alternation depicting an aggradational deposition pat-
tern. This is well-bedded marine sediments marked by low
frequency. High continuity characterizes similar sedimentation
conditions in large lateral extension. The low frequency and
high amplitude deposits may be due to coarse material, prob-
ably biogenic as observed on the seafloor surface. U3 has a
thickness of 4-6 ms (3—5 m) thinning 2 ms (1.5 m) southward.

The seafloor has smooth relief with wavy morphology that
follows U3 deposition (Figs. 2, 3, and 4). It is deeper seaward
at ~17 ms (~12 m) and toward the northern reaches at ~
20 ms (~ 14 m), and shallower in the south region and near
the coast at ~ 14 ms (10 m) (Fig. 5).

The sediment volume and thickness of the units were cal-
culated by the difference between consecutive surfaces
(Fig. 6). The lowest unit U1 (the difference between S1 and
S2) (Fig. 6a) shows major variability of thickness spatially
along the area, especially in the central region with 16 ms

infilling; (IV) truncation on S3; (V) parallel reflectors; (VI) chaotic re-
flectors; (VII) onlapping reflections on S1

Sea-level Seismic|  character Seismic facies llustration | Sedimentation and
condition| units environments
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High continuity | configuration with * Low energy shallow
HST U3 liow frequency | concordant reflectors 1 marine enwr'onment
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Fig. 5 The 2D surface maps of the seafloor (a), S3 (b), S2 (c), and S1 (d). The colors represent depth time (ms)

(~ 12 m) of thickness. In the north region, the difference is
smaller with 8 ms (~ 6 m) thick. Into the intermediate unit U2,
the difference between S2 and S3 (Fig. 6b) is smaller. In cen-
tral region, sediment thickness reached 4 ms (~3 m) seaward
predominantly and near the coast reached 12 ms (~ 9 m) thick.
In other regions, 4 ms (~3 m) of sediment thickness prevails.
A little variability of U3 thickness (Fig. 6¢) exhibits an aver-
age of 4 ms (~ 3 m) of thickness in most of the study arca. At
seaward, this thickness increases at 810 ms (~6—7.5 m). In
general, near the coast at central region experienced major
sediment thickness in the oldest unit Ul while the thickness
of U2 and U3 decrease in the whole area.

Discussions and conclusions

The last marine regression and transgression on Natal shelf
left stratigraphic marks of interactions between the shelf and
coastal processes. The S1 is a prominent and very irregular
surface (deepest scours at ~40 m and mound-like feature at ~
20 m) which delineates the top of the acoustic basement (no
signal penetration) (S1 in Figs. 2, 3, and 4). According to the
sea-level position on far-field curves (Severinghaus et al.
1998; Bard et al. 2010; Abdul et al. 2016), the S1 occurrence
pattern suggests that this surface was formed in a shelf expo-
sure, or transgressive ravinement, and might represent a re-
gional unconformity between Pleistocene and Holocene.
Coastal parabolic dunes, over sandstone cliffs, in the study
area (~ 83,000 years BP) (Julio 2018), SE-NW oriented due
to the southeasterly wind flow, serve as evidence that the ex-
posed shelf in the southeast was probably the sediment source.
Moreover, rework of these siliciclastic sediments might be the
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formed the initial transgressive deposits. This surface might be
related to the top of the Pleistocene rocks of Barreiras
Formation, which outcrops locally in the near coastline as well
as widespread cliffs along RN coast (Vital et al. 2016). This
rocky formation was largely eroded creating the boundary
surface, but locally reactivated during transgression by
wave-tide ravinement (see S2 in Figs. 3 and 4). Besides, near
the present-day coastline, the S1 becomes deeper forming a
depression morphology (Fig. 5). This may be associated with
a long-term nearshore erosion process associated with a cliff
rocky coast, which provides a low rate of coastline migration
landward during the Holocene (Vital et al. 2006, 2016).

Parallel to the chaotic internal configuration of Ul lying
above S1 suggests moderate to high-energy regimes of very
shallow marine or the nearshore environment. The sediment
dynamics of this shallow marine portion was probably con-
trolled by the wave-tide regimes and the early establishment
of southerly alongshore currents (Ribeiro et al. 2018). The
depths of the occurrence of U1 indicate that the shelf inunda-
tion and deposition system started at the end of MWP-1B
(Severinghaus et al. 1998). The depth increasing of S1 near
coastline provided a semi-confined depression morphology in
the center of the study area. And the smoothed top surface
(S2) revealed a considerable accommodation space and sedi-
ment budget during the early shelf inundation as occurring in
transgressive systems as embayment, estuaries, and incised
valleys in the Bay of Biscay (Lericolais et al. 2001;
Chaumillion et al. 2008; Green et al. 2015).

The ravinement surface S2 clearly displays non-
continuous scours occurring in higher depths near the coast
(S2 in Figs. 2, 3, and 4). This erosional surface has been
interpreted as typically transgressive surface in estuarine
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successions (Lericolais et al. 2001; Chaumillion et al. 2008;
Catuneanu et al. 2011), which indicate the wave-tide action
controlling the sediment dynamics (Zeiler et al. 2008) in a
shallow shelf environment under significant reworking of
sediments (Lericolais et al. 2001; Chaumillion et al. 2008).
The S2 occurs at ~18 m below modern sea level, and this
depth has probable relation with sea-level rise deceleration
(Severinghaus et al. 1998).

The depositional changes observed in U2 and U3, with
parallel/wavy reflectors, featureless, and smooth morphology
on top (S3) following the seabed morphology, reflect a de-
crease of energy associated with an increase of water depth.
This pattern punctuates the end of coastline-connected sedi-
mentation, with the initial infill of the channel-like ravinement
features observed on S2, and a subsequent establishment of
aggradation pattern that was probably dominated by carbonate
as observed in the present seafloor (Oliveira 2017). The ab-
sence of truncation of reflector terminations on top S3 evi-
dences the maximum flooding. This is a synchronous event
caused by rapid sea-level rise and complete shelf inundation
(Aleman et al. 2014; Menier et al. 2010; Lericolais et al. 2001;
Hinestrosa et al. 2014; Gomes et al. 2016; D’Agostini et al.
2015). Additionally, the smaller thickness of U2 and U3 re-
veals lower rates of accumulation, which might be associated
with lower sediment supply and aggradation common of car-
bonate deposits (Gomes et al. 2015), and yet low water depth
controlling the accommodation space (Veeken and
Moerkerken 2013).

The stratigraphic succession of the inner shelf of Natal
reveals that the siliciclastic sediment accumulation (or supply)
has decreased along the Holocene (Fig. 6) with the increase of
water depth and carbonate content. This may corroborate to

explain why the modern seafloor of Natal Shelf has depths of
approximately 15 m very close to the coastline (at ~ 1 km). In
comparison, this depth of 15 m occurs far from the coast (~
30 km) in the RN shelves on the north (e.g., Touros, Macau,
Gomes et al. 2014; Testa and Bosence 1998). These shelves
on north have larger inner shelves and are dominated by
siliciclastics and dissipative beaches, and the large parabolic
dune fields spread on the adjacent coasts (Testa and Bosence
1998; Gomes et al. 2014), while Natal Shelf has a narrow
tongue of siliciclastics sediments attached to coastline, re-
flective beaches, active cliffs, and smaller dune fields (Vital
et al. 2016). However, the oceanography and climate re-
gimes are nearly the same during Holocene until present-
day to the whole RN shelf (Dominguez et al. 1992), in-
cluding the alongshore sediment transport and erosion
(Vital et al. 2006, 2016; Vital 2006). Additionally, coastline
migration landward in the Natal coast should be minimal in
comparison with the north coast of RN, due to the cliff
coast settings. Therefore, the main factor controlling the
coastal sediment balance is the local contexts associated
with the geomorphological heritage and the potential of
preservation under high energy oceanographic regimes able
to accumulate large active subaqueous dunes of siliciclastic
sediments on northern shelves (Gomes et al. 2014) while
the Natal Shelf is starved.
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